Optical communication channels have redefined the purview and applications of classical computing; similarly, photonic transfer of quantum information promises to open new horizons for quantum computing. The implementation of light-matter interfaces that preserve quantum information is technologically challenging, but key building blocks for such devices have recently been demonstrated in several research groups. Here, we outline the theoretical framework for information transfer between nodes of a quantum network, review the current experimental state of the art, and discuss the prospects for hybrid systems currently in development.
Box 1: A deterministic atom-photon interface
In a scheme based on Ref. 8 and illustrated in Fig. 1 , at any given time, a single trapped atom interacts with the cavity field. That atom may be part of a larger ensemble, i.e., a small-scale quantum computer. (The interaction of the other atoms with the cavity may be turned off via electronic shelving to an uncoupled state, or by positioning the atoms so that they do not couple to the spatial mode of the field.) An atom is prepared in one of two longlived states, |g and |e , or in a superposition of both. The cavity is nearly resonant with the transitions between a third ground state, |s , and the excited states |r and |r . If a classical field Ω 1 (t) coupling |g to |r is applied to the atom, and if the frequency difference between Ω 1 (t) and the cavity matches the energy gap between |g and |s , then a Raman process transfers an atom in |g to |s , coherently generating a single photon in the cavity.
Similarly, a field Ω 2 (t) generates a single photon if the atom starts in |e , again mapping the atom to |s . For the appropriate choice of electronic states, the photons generated by Ω 1 (t) and Ω 2 (t) are orthogonally polarized; let us assume that their polarization is either horizontal ( |H ) or vertical ( |V ). The simultaneous application of Ω 1 (t) and Ω 2 (t) then implements the transfer of a quantum state from an atom to a photon: sin θ |g + e iϕ cos θ |e → sin θ |H + e iϕ cos θ |V , where θ and ϕ parameterize the quantum state on the Bloch sphere, or in the case of the photon, the Poincaré sphere. The photon exits the cavity in a well-defined spatial mode, and its temporal shape can be symmetrized by tailoring the pulse shapes of Ω 1 (t) and Ω 2 (t) 15, 16 .
The photon is then sent over an optical fiber link to a second cavity, where the process is time-reversed: a second atom is initialized in |s , and as the photon enters the cavity, the mirror-image waveforms Ω 1 (t) and Ω 2 (t) map the atom to |g and |e .
Heralded transfer can be seen as a three-step process, comprising photon generation, measurement, and teleportation (Fig. 2) . The first step is either to weakly excite each of two spatially separated atoms so that at most one of them generates a photon 17 or to entangle each atom with a photon [18] [19] [20] . Next, the photon paths from the two atoms coalesce at a beamsplitter, which erases 'which-way' information. If a certain detection outcome is recorded on photon counters at the beamsplitter outputs, the measurement event projects the remote atoms into an entangled state. Finally, this atom-atom entanglement is used as a resource to teleport quantum information between the two sites 21 . For example, assume that the quantum information is encoded in a third atom, a neighbor of the second. A joint measurement on the second and third atom is performed, and the result is sent over a classical channel to the distant first atom. A rotation conditioned on this result transfers the state of the third atom onto the first. There is a small probability that the pulse maps each memory from an initial to a final quantum state, generating a single photon in the process. The photon paths from the memories are then combined at a beamsplitter. If a detector at the beamsplitter output registers a single photon, the indistinguishability of the two paths projects the memories into an entangled quantum state. b The memories can be placed within optical cavities to enhance the photon-collection probability. c A second method requires entangling each memory with the polarization state of a photon. Again, a beamsplitter (NBPS) removes 'which-way' information about the photon paths.
The simultaneous measurement of orthogonally polarized photons H and V at the two polarizing beamsplitter (PBS) outputs generates entanglement. d Here as well, optical cavities increase the rate at which remote entanglement is generated.
III. EXPERIMENTAL BUILDING BLOCKS
In the past decade, a handful of research groups have implemented both deterministic and heralded schemes and are working to extend those results across a range of experimental settings. In the deterministic case, a necessary precursor has been the development of sophisticated techniques for trapping and manipulating atoms and ions within low-loss resonators.
Neutral atoms can now be confined to the cavity region by an off-resonant standing-wave field 22,23 or by a transverse field 24-26 for times on the order of a minute 27 . Furthermore, the transverse field can be used as a conveyor belt 28 to position the atoms precisely with respect to the cavity mode [24] [25] [26] . In experiments in the strong-coupling regime, the coherent interaction between a single atom and a photon dominates the system dynamics 29 .
Using trapped ions, it is comparatively easier to obtain long storage times, since a Paul trap for charged particles is typically several orders of magnitude deeper than an opticaldipole trap 30 . However, in order to obtain a high atom-cavity coupling rate, a small cavity mode volume is necessary. Such a small mode volume is difficult to achieve in an ion- Both neutral atoms and ions can be localized to length scales much shorter than the cavity standing wave via cooling to the vibrational ground state 34-36 , a technique first implemented in ion traps 37 . Cooling has also been demonstrated using the cavity to extract blue-detuned photons from the system [38] [39] [40] [41] [42] and via feedback to the dipole field seen by intracavity atoms 43, 44 .
With these techniques in hand, deterministic transfer has been demonstrated in both directions: from light onto matter and from matter onto light. Using a weak coherent state, that is, a laser pulse with a mean photon number of about one, it was shown that this state could be reversibly transferred to and from the hyperfine levels of a trapped cesium atom in a cavity 45 . In this case, information was encoded in the number basis { |0 , |1 }, representing the absence or presence of a photon. Given a lossy transmission channel, however, information encoded in |1 at the input may be identified as |0 at the output, thus reducing the fidelity of the transfer process. An important step was thus the realization of a polarization-based interface, linking two atomic hyperfine states with orthogonal cavity photons 46 . Assuming both polarizations experience equal losses in the optical channel, the encoding is robust in the sense that losses do not affect the process fidelity, although they reduce its efficiency. Polarization states of light can be mapped into and out of an atomcavity system, with coherence times exceeding 100 µs 47 .
This light-matter interface has now been extended to spatially separated systems, linked by optical fiber. A single trapped rubidium atom was entangled with a cavity photon, which was sent over optical fiber to a second laboratory and stored in a Bose-Einstein condensate, thus generating remote entanglement 48 . More recently, quantum information was transferred from one atom to a cavity photon, then mapped to a second atom in a distant cavity 27 . These results not only synthesize key techniques for a quantum network, but also highlight the contrast between quantum nodes -exemplified by atoms in cavities -and quantum memories, where quantum-degenerate gases offer long storage times. State transfer from atom to photon has also been demonstrated in an interface based on a trapped calcium ion 49 (Fig. 3) . The initial quantum states of ions can be prepared deterministically, and because techniques for coherent manipulation and detection of ions are well established, the final states can be read out from the ions in an arbitrary basis 37, 50 .
What does it mean to say that the transfer process in these experiments is deterministic?
The key concept is that the state of an atom is mapped onto a cavity photon, and vice versa, with a probability approaching one. This deterministic character is due to the fact that the dipole interaction between atom and cavity is coherent and thus reversible. The probability is not exactly one because there is a small chance for the atom to spontaneously emit a photon into free space during this process, which erases information from the system. One should also note that even if a cavity photon is created deterministically, it can be scattered or absorbed in the cavity mirrors or, after it exits the cavity, in an optical channel. For example, state transfer has been demonstrated from atoms to photons with a probability of 16% 49 and from photons to atoms with a probability of 20% 27 , limited by mirror losses and by the cavity coupling strength. Light-matter entanglement is not in itself sufficient to achieve heralded entanglement between remote quantum nodes. In addition, the photons sent from both nodes to a common location must be indistinguishable, so that each photon carries no information that could reveal its origin. Such indistinguishability is typically verified by the observation of Hong- were created, then projected by photon detection into the ion-ion entangled state α|0 A |1 B − β|1 A |0 B , where ν blue and ν red are photon frequencies. The final step was then a local rotation of the ion at A, followed by a fluorescence measurement projecting it into either |0 or |1 . This classical result was sent to B and determined the appropriate rotation to prepare α|0 B + β|1 B . This demonstration of teleportation between remote ions followed earlier results using ions stored in the same trap 68,69 ; with the the same system of remote Yb + ions, a heralded quantum gate was also implemented 70 . Recently, teleportation has been achieved with both neutral atoms 71 and atomic ensembles 72, 73 .
In order to label either a deterministic or a heralded implementation as "quantum," one must show that the result surpasses the best possible classical outcome. Moreover, even if a single ion fluorescence is mapped to the polarization of the cavity photon via a bichromatic Raman field detuned from the 4 2 S 1/2 − 4 2 P 3/2 transition at 393 nm. The photon is near-resonant with the 3 2 D 5/2 − 4 2 P 3/2 transition at 854 nm. Schematic adapted from Ref. 49 . c The ion-cavity system can also be used as one node of a heralded interface. The ion is prepared in one ground state, and ion-photon entanglement results from coherently coupling the ion to two states in the 3 2 D 5/2 manifold. d
The two couplings generate orthogonal horizontally (H) and vertically (V) polarized photons with equal probability. To create remote ion-ion entanglement, the photon would then be combined at a beamsplitter with a second photon from a distant node. Schematics adapted from Ref. 61. process satisfies this criterion, it is interesting to quantify the fidelity of the process: how well does the transferred state reproduce the initial state? This fidelity can then be compared with theoretical bounds in order to understand whether it would be possible to implement error correction protocols, an essential component of a scalable quantum network.
Mathematically, a quantum process is fully described by the process matrix χ, which represents the mapping between input and output density matrices, ρ in → ρ out : Process tomography provides a complete picture but is not required in order to establish that the fidelity is nonclassical; an appropriate set of correlation measurements is sufficient.
In Ref. 65 , for example, the entanglement of two rubidium atoms over 20 m was analyzed based on correlation measurements of fluorescence from the atoms (Fig. 4) . The measurement basis of each atom was determined by the linear polarization of lasers that transferred population between Zeeman states. By rotating the basis of one atom with respect to the other, the authors observed oscillations in the correlation probability sufficient to violate
Bell's inequality.
IV. LONG-DISTANCE TRANSFER
Fidelity measures how faithfully a quantum state can be transported; another important question to ask is how far that state can be sent. In both deterministic and heralded schemes,
we have seen that photons act as carriers of quantum information. The deterministic case is straightforward: a photon physically transports information from one site to another. The heralded case is more abstract: teleportation is only possible because two photon paths from remote atoms converged at a common location. In either case, if we are interested in long- distance transfer, we must take into account the losses inherent in optical channels. The classical approach in a fiber-optic network is to intersperse the channel with repeater stations at which the signal is amplified, but in the quantum-mechanical world, this amplification is forbidden by the no-cloning theorem 75 .
Instead, the solution is a quantum repeater, by means of which entanglement over relatively short distances is first purified, then extended to increasingly longer distances via entanglement swapping 76 . In order to build up entanglement between successive repeater nodes, quantum memories are essential: they allow quantum states to be stored at one node until an entangled pair is generated at the next node. A quantum repeater scheme based on atomic ensembles was first proposed in 2001 77 , and since then, significant progress has been made toward its experimental realization 78 , including the demonstration of elementary repeater segments 79, 80 . In fact, repeater architectures based on all of the quantum memories discussed above, including ions 14 and NV centers 81 , are being pursued in several groups worldwide. It is an indication of the complexity of these architectures that entanglement swapping between quantum memories has not yet been achieved.
A central challenge faced in all of these experiments is that the rate of entanglement generation between repeater nodes must be faster than the rate at which this entanglement decoheres. Otherwise, if entanglement is lost due to interactions with the environment before it can be harnessed, it will not be possible to extend the range of quantum networks via entanglement swapping. This problem can be addressed in two ways: by speeding up the rate of entanglement generation, and by increasing the storage times of quantum memories.
The particular approach to speeding up entanglement generation will be specific to each implementation, but typically, photon collection efficiency is the bottleneck in these schemes.
Schemes based on spontaneous emission can be improved by integrating specialized objec- 
